A series of experiments was performed on a circulating fluidized bed (CFB) in order to investigate effects of the rolling motion on gas-solid flow in the CFB. Rolling period, superficial velocity, solids circulation flux, and particle size were changed in the experiments, while amplitude of the rolling motion was maintained at 16deg. The following results were obtained: (1)When the CFB stands upright, gas-solid flow pattern in the riser is affected by the superficial gas velocity and three types of flow regimes were observed: bubbling fluidization, turbulent fluidization, and fast fluidization. (2)The solids circulation flux also affects the gas-solid flow of the CFB at upright attitude. As the solid ciculation flux increases, total pressure drop of the CFB grows. (3)When the CFB undergoes the rolling motion, downflow of particles along the riser walls changes periodically and falling particles accumulate on the distributor. As a result, the total pressure drop of the CFB under rolling motion becomes larger than that of the upright attitude. (4)In our experiment, the rolling period has no influence on the total pressure drop of the CFB in rolling motion. (5)When the superficial velocity is sufficiently large, the gas-solid flow in the riser is not affected very much by the rolling motion. And the total pressure drop of the CFB in rolling motion becomes nearly the same as that at upright attitude.
Effects of Rolling Motion on Gas-Solid Flow
A series of experiments was performed on a circulating fluidized bed (CFB) in order to investigate effects of the rolling motion on gas-solid flow in the CFB. Rolling period, superficial velocity, solids circulation flux, and particle size were changed in the experiments, while amplitude of the rolling motion was maintained at 16deg. The following results were obtained: (1)When the CFB stands upright, gas-solid flow pattern in the riser is affected by the superficial gas velocity and three types of flow regimes were observed: bubbling fluidization, turbulent fluidization, and fast fluidization. ( 2)The solids circulation flux also affects the gas-solid flow of the CFB at upright attitude. As the solid ciculation flux increases, total pressure drop of the CFB grows. (3)When the CFB undergoes the rolling motion, downflow of particles along the riser walls changes periodically and falling particles accumulate on the distributor. As a result, the total pressure drop of the CFB under rolling motion becomes larger than that of the upright attitude. (4)In our experiment, the rolling period has no influence on the total pressure drop of the CFB in rolling motion. (5) When the superficial velocity is sufficiently large, the gas-solid flow in the riser is not affected very much by the rolling motion. And the total pressure drop of the CFB in rolling motion becomes nearly the same as that at upright attitude.
Introduction
The authors took notice of the CFB in its excellent reaction efficiency and heat transfer characteristics, and started a project to develop a compact and highly efficient marine waste heat recovery system for coastal ships equipped with four-stroke cycle diesel engines. In the proposed system, by making use of the CFB, sulfur contained in the exhaust gas is eliminated and waste heat is efficiently recovered [1] , [2] . Because the system is installed in the ship, its performance may be affected by the ship motion, such as rolling and inclination. As for effects of the ship motion on the fluidized bed, a few relevant studies have been reported regarding bubbling fluidized beds [3] , [4] , [5] . However, no previous research can be found on the CFB. To better understand effects of the ship motion on gas-solid flow in the CFB, a series of full-scale experiments with a model CFB mounted on rolling equipment was performed. In this article, experimental results are presented and effects of the ship motion are investigated. Figure 1 shows schematically a model CFB used in the experiment. The symbol "z" in the figure denotes vertical distances from the distributor. Cross section of the riser is 288mm×288mm, and height of the riser is 2408mm. Air is supplied to the windbox by the blower, and enters the riser through the distributor. Solid particles on the distributor are carried upward by the air, and reach the riser top. The gas-solid suspension runs out of the riser and enters the cyclone. The solid particles are separated from the fluid stream in the cyclone, fall down in the downcomer and are piled up in the J-valve. The accumulated particles constitute a fixed bed, and do not allow the air supplied from the riser bottom to pass through the J-valve. Small
Test apparatus and test conditions
Translated from Journal of the JIME Vol.44,No.1 ○ C 2009(Original Japanese) amount of compressed air is introduced to the J-valve bottom in order to fluidize the accumulated particles: the solid particles move in the J-valve slowly, overflow the bend in the J-valve and eventually return to the riser bottom. The air separated in the cyclone, on the other hand, is released to the outside through the bag filter. The test apparatus is equipped with six pressure gauges (P1, P2, .., P6) and two orifice flowmeters (F1 and F2). In order to observe flow behavior in the riser, six transparent acrylic windows in total (#1, #2, #3, .., #6) are installed on the oppositely facing sides of the riser. Transparent observation windows are also equipped at the upper part of the J-valve, where falling speed of the piled particles is measured to determine the solid circulation flux Gs, i.e. overall mass recirculation rate of solid per unit area at the riser. Very fine lime particles of two sizes, 0.18mm<d p <0.35mm and 0.3mm<d p <0.5mm, are used as solid particles and total charge of the particles is 40 kilograms for each case.
In a steady state, overall mass recirculation rate of solid particles is maintained almost constant in the system. Therefore, mass flow rates of solid particles are the same at any section in the CFB and the following equation holds:
where A represents cross section of the riser,  bulk stands for bulk density of the solid particles, A J signifies cross section of the upper part of the J-valve, and bulk u means average falling speed of the solid particles at the upper part of the J-valve. Most of the solid particles are white, and the rest are black. Therefore, a particular black particle can be identified easily, and its falling speed can be determined by measuring a time interval in which the black particle passes through a designated section.
In the experiment, falling speed of the solid particles is assumed to be uniform over the cross section at the upper part of the J-valve. Solid circulation flux is determined from Eq.(1), the measured falling speed and bulk density of the solid particles which is measured separately. In reality, however, falling speed of the solid particles is not uniform over the cross section, and may change in time. Therefore, obtained solid circulation flux is thought to contain some errors.
Because the proposed heat recovery system is installed in the engine room of coastal ships, its dimensions should not exceed the allowed limits imposed. Specifically speaking, overall height of the riser, including the windbox at the riser bottom, is restricted to three meters. On the other hand, channel width of the riser is set to the allowable minimum value (~ 0.3 m) above
Fig.1 Test apparatus Fig.2 Test apparatus on rolling bed
which the wall effect can be neglected, so that the experimental result can be applied directly to the practical condition. Therefore, compared with the ordinary CFB whose height width ratio is larger than ten, the present experimental apparatus whose height width ratio is 8.36 has a somewhat squat riser.
The test apparatus is mounted on a rolling bed [6] , which can simulate the rolling motion of a sinusoidal wave by the crank mechanism, and also hold the test apparatus at inclined attitudes(see Fig.2 ). Central axis of the rolling motion lies on the central plane of the test apparatus, and locates 2.4 meters above the distributor. At first, the test apparatus was hold at upright attitude, and experiments were conducted to confirm its performance and to obtain reference data. Then, the following ship motions are applied to the direction perpendicular to the plane which includes Fig.1 : 1) rolling motion ; Rolling amplitude Θ=16 deg., Rolling period τ=5, 6, 10, 15 s 2) inclined attitude ; Inclination angle α=5, 15 deg. The rolling conditions and the mounting are determined with reference to the related studies which investigated effects of the ship motion on the natural circulation [6] , [7] . Generally, when the rolling angle is expressed as:
radial and tangential components of the acceleration due to the rolling motion can be expressed as: Therefore, the tangential component is larger than the radial component at any location of the system, and is thought to have predominant influences on the gas-solid flow of the system. At the beginning of each case, the test apparatus is hold upright and flow rates of the blower and of the compressed air to the J-valve are set. After judging the whole system to reach a steady state, data were stored for 120 seconds. After that, the ship motion was applied to the test apparatus and data in the steady state were stored for the same period as upright attitude. The solid circulation flux is measured at upright attitude, but it is not measured either at inclined attitude or in rolling motion. The reason is as follows: under the ship motion, heap of the solid particles sways in the J-valve or the supplied air blows through the solid particles. As a result, falling speed of the solid particles cannot be evaluated correctly under the ship motion.
Results and discussions

Preliminary experiment
Pressure drop across the CFB is caused mainly by the distributor and the cyclone. In order to estimate these values, they are measured separately in a single-phase preliminary experiment for various superficial velocity U g , i.e. fluid volumetric flow rates divided by the riser cross-sectional area. In the preliminary experiment, the air supply to the J-valve bottom is suspended to prevent the solid particles from being fluidized; the J-valve and lower part of the downcomer are filled with solid particles to seal the downcomer; and solid particles are excluded from the riser by blowing off. As a result, the upward flow in the riser becomes single phase air flow. Figure 3 shows the result. In our test apparatus, pressure drops of the distributor and of the cyclone are nearly the same at any superficial velocity and grow noticeably with an increase in the superficial velocity. Broken line in the figure shows an approximation of the pressure drop across the distributor and is expressed as: Figure 4 shows pressure gradients in the riser at upright attitude (0.3mm<d p <0.5mm). The pressure gradients are defined at the middle of measured points. Since pressure difference between P1 and P2 includes pressure drop caused by the distributor, the pressure drop across the distributor is evaluated with Eq.(5) and the compensation is made. Generally, the pressure gradient in the riser is expressed as follows [8] :
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Flow characteristics at upright attitude
In above equation,  p and  g imply particle density and fluid density, respectively.  stands for the void fraction and v signifies particle velocity. The first term in the right side means gravity term, and the second term is related to acceleration of the solid particles. Because the solid circulation flux is relatively small in this series of experiments, the second term can be neglected.
As the particle density,
, is much larger than the fluid density, Eq.(6) can be approximated with the void fraction or the particle volume fraction,  p , as follows: g g dz dp
Generally, flow patterns in the riser are classified according to the pressure gradient at the lower part of the riser [9] . In our test apparatus, however, the riser height is rather short and number of the pressure taps is limited. Therefore, it is difficult to evaluate the pressure gradient at the lower part of the riser accurately, and aforementioned method cannot be adopted. In this paper, instead, the flow patterns are identified according to a flow regime diagram [10] , the particle Reynolds number Re p , and the Archimedes number Ar. The last two are defined as follows:
In above equations, d
p means the particle diameter and  stands for viscosity of air. (Fig.5(a) ). In the bubbling fluidization, the pressure gradients decreases rapidly with an increase in vertical distance and becomes nearly zero at z>1.12 m. When the superficial velocity exceeds (Fig.5(b) ). Particle volume fraction at the riser bottom is rather high (0.26~0.37), similarly to the bubbling fluidization regime. However, because the solid particles are carried upward to the riser top, the pressure gradient at z=1.91m is slightly larger than that in bubbling fluidization ( p :0.005~0.01). When the superficial velocity exceeds 3.51[m/s], pressure gradient at the riser bottom noticeably decreases and the gas-solid suspension over the whole riser becomes dilute (fast fluidization. Fig. 5(c) ). Figure 6 shows total pressure drops of the CFB, P. The total pressure drop consists of pressure loss across the distributor and the cyclone, and integration of the pressure gradient at the riser. In the proposed system, the CFB should be driven by the exhaust gas from diesel engines. When the total pressure drop is extremely large compared with the exhaust back pressure, too much load is imposed on the engines and the proposed system may not be realized. Therefore, the total pressure drop is a key parameter and should be restricted to a tolerable value, namely 600mmAq at the estimated practical condition. For both sizes of the particle, the total pressure drops indicate a similar tendency. As the superficial velocity increases, the total pressure drops for both cases grows. But, they decrease remarkably at Ug=3.51[m/s] for 0.3mm<d p <0.5mm and at Ug=3.01[m/s] for 0.18mm<d p <0.35mm. The decrease is caused by the flow pattern transition from turbulent fluidization to fast fluidization (see Fig. 4 ). Figure 6 shows that, as the particle diameter becomes smaller, the flow pattern transition from turbulent fluidization to fast fluidization occurs at lower superficial velocity. The reason is the terminal velocity, i.e. the speed at which an object in free fall ceases to accelerate, becomes lower as the particle diameter becomes smaller, as shown below [11 At the riser, a particle moves slipping against air, but the difference between particle velocity and local air velocity does not exceed the terminal velocity. Therefore, when local air velocity is above the terminal velocity, the particle velocity turns upward and the particle goes up. Shown in Eq. (10) . Therefore, as the particle diameter becomes smaller, the transition from turbulent fluidization to fast fluidization occurs at lower superficial velocity. Numerals attached to the symbols represent solid circulation fluxes. The solid circulation fluxes stay within a certain range, since flow rate of the compressed air to the J-valve is maintained nearly the same among these cases. The solid circulation flux, however, increases slightly with increasing superficial velocity. When the particle volume fraction is small and interaction between particles can be neglected, the solid circulation flux can be expressed as:
Therefore, for particles of the same size, solid circulation flux grows with an increase in the superficial velocity. The above equation means that, for the same superficial velocity, the solid circulation flux decreases with increasing particle size. The conclusion agrees with obtained result of the present experiment. 0.3 < dp < 0.5 0.18 < dp < 0.35
Ug [m/s] (11)) and is confirmed by the fact that, for nearly the same superficial velocities, the pressure gradient in the riser grows with increasing solid circulation flux(see Fig.8 ). As the solid circulation flux increases, the superficial velocity at which flow regime transition from turbulent fluidization to fast fluidization occurs grows gradually.
Flow characteristics under the ship motion
On the average, mass flow rate of the solid particles is positive at turbulent fluidization and fast fluidization. Locally, however, solid particles close to the riser wall are not carried upward but fall down along the riser wall. The reason is local gas velocity close to the riser wall is very low. The downward particle flow is called downflow of particles [12] . When the rolling motion is applied to the CFB, the downflow of particles changes periodically(see Fig. 9 ). While the riser wall is facing upward, solid particles go up without touching the riser wall. Contrarily, while the riser wall is facing downward, thick solid particles slip down along the riser wall and fall on the distributor. Undergoing the rolling motion, solid particles fallen on the distributor cannot rise easily as they do at upright attitude. As a result, the amount of solid particles on the distributor becomes larger compared with the upright attitude. Figure 10 shows effects of the ship motion on the pressure gradients (0.3mm<d p <0.5mm). When the superficial velocity is around 3.8 [m/s] at upright attitude, the flow pattern is classified as fast fluidization. When the rolling motion is applied, on the other hand, pressure gradients at the riser bottom get large, and the particle volume fraction increases. At inclined attitudes: α=5 and 15 [deg.], it is observed that thick solid particles slip down along the lower side of the riser wall. As a result, the amount of particles drifting on the distributor increases, and the pressure gradient at the riser bottom also get larger than that at upright attitude. However, overall mass recirculation of the solid particle is maintained under the ship motion. Figure 11 shows effects of the ship motion on the total pressure drop of the CFB. Among these cases, mass flow rate of compressed air supplied to the J-valve bottom is maintained nearly the same. Because particle volume fraction at the riser bottom increases due to the rolling motion, the total pressure drops in rolling motion at U g >2.6[m/s] is much larger than that at upright attitude. Similarly, the total pressure drops at inclined attitudes are larger than that at upright attitude. Even when the inclination angle is as less as 5[deg.], the effect of inclination is notable. While the superficial velocity is smaller than 1.83[m/s], namely at the bubbling fluidization regime, the total pressure drops in ship motion are smaller than that at upright attitude. Especially for the inclined cases, the differences are notable. The reason is the fluidized bed height becomes nonuniform due to the inclination or the rolling motion, and air blows through the distributor at the location of the thinnest bed height [3] . Figure 12 shows the total pressure drops in rolling motion, where the particle diameter ranges from 0.18mm to 0.35mm. Similarly to Fig.11 , flow rates of the compressed air supplied to the J-valve are nearly the same among these cases. When the superficial velocity is lower than 1[m/s], the total pressure drops in rolling motion are lower than that at upright attitude. When the superficial velocity exceeds 2.2[m/s], the total pressure drops become larger than that at upright attitude. As the superficial velocity increases further, however, the total pressure drops in rolling motion gradually approach to the value at upright attitude. When the superficial velocity exceeds 4 [m/s], they finally become nearly the same as that at upright attitude. This tendency can be observed for any rolling period and any noticeable differences cannot be observed, except for the case where =9.70s and U g =3.60[m/s]; the details will be discussed later.
Because solid circulation flux cannot be measured under the rolling motion, its effect on the total pressure drop is not clear. But the following fact is confirmed: At upright attitude, the total pressure drop grows with an increase in solid circulation flux for the same superficial velocity (see Fig.7 ). When the rolling motion is applied, the case of larger total pressure drop at upright attitude also shows larger total pressure drop under the rolling motion. In Fig.12 . The reason why the total pressure drop for =9.70s looks closer to the upright attitude is the solid circulation flux is lower than the other cases. From above investigation, it is concluded that, under the present experimental conditions, rolling period has no effect on the total pressure drop in rolling motion. Figure 13 shows the pressure gradients at the highest superficial velocity in each case of Fig.12. Compared with Fig.10 , the pressure gradient at the riser bottom decreases more sharply for any rolling period. The cause is thought as follows: When the superficial velocity is enough high, solid particles at the riser bottom will rise easily, even under the rolling motion, and the amount of piled particles at the riser bottom decreases. On the other hand, the pressure gradient at upright attitude grows remarkably at the riser bottom(see Fig.10 ). Because the solid circulation flux grows with an increase in superficial velocity, downflow of particles becomes active at the highest superficial velocity and eventually the particle volume fraction increases at the riser bottom. As a result, the pressure gradient in rolling motion becomes nearly the same as that at upright attitude, and does the total pressure drop under rolling motion. Because the blower of present test apparatus reaches its performance limit at U g~4 .0[m/s], aforementioned tendency is not observed clearly in the case of 0.3mm<d p <0.5mm. If the superficial velocity could be attained much higher than 4 [m/s], similar result would be observed for that case.
Concluding remarks
In order to investigate effects of the rolling motion on gas-solid flow in the CFB, a series of experiments with a CFB mounted on a rolling bed was performed. In the experiments, rolling period, inclination angle, superficial velocity, particle diameter range, and solids circulation flux were changed. Before applying the ship motion, the test apparatus was set upright and examined for its performance. The following results were obtained:
(1) Flow patterns in the riser at upright attitude depend on the superficial velocity. With an increase in the superficial velocity, flow pattern changes from bubbling fluidization to turbulent fluidization, and eventually to fast fluidization. As the particle diameter becomes smaller, the superficial velocity at which the flow pattern transitions occur becomes lower. (2) Gas-solid flow in the riser is also affected by the solid circulation flux. At upright attitude, the total pressure drop for the same superficial velocity becomes larger as the solid circulation flux increases. The reason is, as the solid circulation flux increases, particle volume fraction increases at the riser. (3) When the CFB undergoes the rolling motion, downflow of the particles changes periodically and accumulated particles on the distributor increase. As a result, the total pressure drop under rolling motion is remarkably larger than that at upright attitude. Similarly, the total pressure drop at inclined attitude is larger than that at upright attitude. (4) In the present experiment where amplitude of the rolling motion is set to 16 deg., the rolling period does not affect the total pressure drop in rolling motion. (5) As the superficial velocity increases, the effect of rolling motion gradually fades away. When the superficial velocity is high enough (e.g. 4 [m/s]), the total pressure drop in rolling motion becomes nearly the same as that at upright attitude. Because, when the superficial velocity is enough high, the pressure gradient in rolling motion is nearly the same as that at upright attitude.
Finally, as an additional remark, the total pressure drop of proposed system in the practical condition will be discussed. Because the present experiments were conducted at room temperature, the total pressure drop of the CFB sometimes exceeds 600 mmAq. But, under the assumed practical condition (350 degrees centigrade at the distributor, 250 degrees centigrade at inlet of the cyclone), density of the exhaust gas is much lower than that at room temperature. Therefore, the total pressure drop at upright attitude for the case of 0.18mm<d p <0.35mm, U g =4.45[m/s] is estimated to be about 400 mmAq, and stays within the tolerance limit with enough margin. The ship motion affects the downflow near the riser wall and increases the total pressure drop. But the pressure drop increase is smaller than the total pressure drop at upright attitude, and overall mass recirculation of the solid particle is maintained in any case. As the superficial velocity increases, the effects of ship motion become relatively smaller. Therefore, the effects of ship motion are not so severe to spoil the validity of proposed heat Translated from Journal of the JIME Vol.44,No.1 ○ C 2009(Original Japanese) recovery system and the proposed system is judged to operate under the ship motion. In order to evaluate effects of the ship motion on the CFB over the wide range, further data acquisition is required.
